Introduction
Recent progresses in microelectronics that enabled the design ultra-low consumption, fully operative electronic systems, have permitted the disposal of autonomous wireless devices ( [1] ). However, primary batteries, that initially promoted the development of such systems, have nowadays become a break to the spreading of long-lifetime autonomous apparatus, mainly because of their limited lifespan (typically one year under classical working conditions) as well as their complex recycling process that raises environmental issues ( [2] ).
In order to counteract this drawback, many researches have been carried out on ambient vibration energy harvesting over the last decade ( [3] ). However, although such investigations have been promoted by a growing demand from industries in terms of left-behind, self-powered wireless sensors and sensor networks, there is still a significant need of improving the conversion and harvesting abilities of microgenerators to dispose of truly working, reliable self-powered wireless systems.
In particular, when dealing with vibrations that are available in many environments for scavenging mechanical energy, many studies considered the use of piezoelectric elements for small-scale energy harvesting, as such materials present relatively high energy density and high intrinsic electromechanical coupling ( [4] ). Nevertheless, the high stiffness of such materials prevent them to be directly used as most of the available vibrating sources feature low frequencies (e.g., human motions), high strain characteristics, and therefore the use of intermediate mechanical structures is mandatory to ensure a frequency matching for maximizing the input energy in the electroactive device ( Figure 1 ). However, when adding such an additional conversion stage, the global coupling coefficient is dramatically reduced, leading to decreased harvesting abilities, and the compactness is compromised.
From Figure 1 , it can be shown that, when the source presents high strain, low frequency behavior, electrostrictive materials are of premium choice to ensure a good mechanical matching, thanks to their flexibility (Young's modulus in the range of a few MPa to hundreds of MPa ( [5] ) -which is much less than piezoelectric polymers). In addition to this high strain capabilities, electrostrictive polymers are cheap and also present high conformability, simple processing, and can be obtained in various shapes over large surfaces.
Hence, some recent studies have considered the use of such materials for harvesting energy from ambient vibrating sources. Then purpose of this chapter is therefore to give an overview of energy harvesting principles using electrostrictive polymers as well as enhancement possibilities both in terms of materials and techniques. The chapter is organized as follows. Section 2 aims at exposing the basic mechanisms of electrostriction allowing the derivation of the constitutive equations. Then material elaboration and enhancement will be exposed in Section 3, together with a figure of merit dedicated to energy harvesting ability assessment allowing a fair comparison of intrinsic material characteristics. Interfaces for efficiently harvesting the converted energy and optimization principles will be exposed in Section 4, as well as realistic implementation issues. Finally, a short conclusion highlighting the main topics and results exposed in this chapter will be summarized in Section 5.
Electrostrictive polymers

Phenomenological approach
Electrostriction effect is defined as a second-order relationship between strain and electrical polarization ( [6] ). Formulation of the constitutive relationships in terms of polarization is popular within the materials science community, but application-oriented engineers tend to prefer writing constitutive equations in terms of electric field ( [7] ). The constitutive relationships may include hyperbolic tangents or algebraic powers ( [8] ); each of these forms being merely variations of the thermodynamic potential. This part starts by the investigation using thermodynamic formalism considering the symmetries inherent to electrostrictive materials. The constitutive relationships are parameterized in terms of electric field. Higher-order algebraic terms are then simplified to quadratic functions.
Thermodynamics formalism
It is possible to describe an electrothermomechanical system by three independent variables chosen from the pairs (stress, T, and strain, S), (electric field E, and electric displacement, D) and (temperature, θ, and entropy, s) ( [7] ). The other three variables become the dependent variables of the system, which can be found through thermodynamic considerations.
The first law of the thermodynamics describes the conservation of energy in a unit volume. The change of the internal energy, dU, is given by:
where dQ is the infinitesimal quantity of heat and dW is the total work done on the unit volume.
Assuming reversibility, the second law of the thermodynamics relates the increment of heat to the absolute temperature, θ, and the system's entropy, s, by:
The infinitesimal work done by the system is the sum of the mechanical and electrical contributions:
Substituting Eqs. (2) and (3) into (1), the change of the internal energy can therefore be expressed as:
Clearly, if S, D and s are chosen as the independent variables, then the dependent variables are:
where the superscript indicates that the designated variables are held constant.
Gibbs theory
The first question that must be addressed when writing the constitutive equations is what are the preferred independent variables. For material characterization, it is easier if the 185 Electrostrictive Polymers for Vibration Energy Harvesting independent parameters are the temperature, stress and electrical displacement ( [7] ). In fact strain is more easily measured than stress and electric field is more easily specified than electrical displacement. This is why the Gibbs free energy function (dG) is typically used:
The direct electrical and mechanical effects are clearly expressed in Eq. (6) but the form of the electromechanical coupling is yet unknown. The electrostrictive term for the direct electrostriction effect is defined by ( [9] ):
and converse electrostriction effect is characterized by:
The other electromechanical coupling are defined in the same way.
Assuming a polynomial expansion for all of the internal energies and by neglecting temperature effect, the change in the full Gibbs free energy function becomes:
where constants have been added to the first two lines for simplicity in later developments. The first line of the Gibbs energy represents the electrical energy terms and the mechanical energy is represented in the second line. The last two lines of Eq. (9) show the coupling between mechanical and electrical energies.
The expressions of the electrical displacement and mechanical strain are then obtained from the partial derivatives of Eq. (6):
Hence, it is then possible to express the constitutive relationships as:
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The form of the constitutive relationships in Eq. (11) is very general and, consequently, are not very useful for describing electrostrictive material behavior when used as actuators or microgenerators. The knowledge of the material behavior thus needs to be introduced. The energy formulation for a purely electrostrictive material is simplified by the material symmetry in the perovskite structure, where all odd-rank permittivity terms in the Gibbs energy are necessarily zero ( [6, 7] ); additionally, M ijmn = M mnij . As a result, the piezoelectric terms, d and g, the elastostriction terms, u and n and many of the electrical energy terms are equal to zero ( [7] ). Neglecting these, the constitutive relationships of an electrostrictive material become:
In the literature ( [6] ), higher-order terms are typically suppressed from the electrostrictive equation as the associated effect may be neglected, and it then possible to express the constitutive equations as:
The dielectric permittivity, ǫ T mn , indicates the charge stored in the capacitive element of the electrostrictive material at constant stress. The electrostrictive coefficient, M mnij , is the electromechanical coupling term. The compliance, s E ijkl , relates stress and strain relationship under constant electric field.
The quadratic model is the form most often quoted in the electrostrictive literature ( [5, 10] ), since it is very easily measured experimentally. For example, the electrostrictive coefficient M, is found by applying and electric field on an unconstrained (i.e., zero stress) material and measuring the induced strain, or by measuring the short-circuit current delivered by a material submitted to a given strain level.
Electrostriction using Debye/Langevin formalism
Recently, Capsal et al. also proposed a physical model based on dipolar orientation using a Debye/Langevin formalism for evaluating the actuation abilities of an electrostrictive polymer film ( [11] ). Using such an approach, it has been demonstrated that the expression of the polarization P as a function of the electric field E is no longer linear and is given by:
with N the dipole density, μ the mean dipolar moment of the molecules or particle, θ the temperature and k b the Boltzmann's constant. Hence, such an approach allows relating the polarization saturation effect that limits electrostriction for high electric fields. Eq. (14) may also be re-written using the low-field susceptibility χ and equivalent saturation electric field
Electrostrictive Polymers for Vibration Energy Harvesting
This Section aims at exposing the elaboration and enhancement of electrostrictive polymers for energy harvesting purposes. In addition, a figure of merit relating the harvesting abilities of the considered materials from their intrinsic properties ( [12] ) will be presented and discussed.
Material properties and enhancement
Electrostrictive polymers are a novel class of electroactive polymers (EAP) that recently became the subject of interest thanks to their high actuation properties and harvesting capabilities ( [5, [13] [14] [15] ). Their lightweight, flexibility, and low mechanical impedance make them suitable for the development of low-power sensors and actuators. Thereby, this new class of EAP can potentially replace piezoelectric ceramics commonly used as active materials of energy harvesting systems when high flexibility is required, such as smart textiles ( [16] ).
The main drawback concerns the need of applying high electrical fields to induce polarization when such materials are used as active materials for energy harvesting ( [17, 18] ). It is thus clear that the intrinsic dielectric properties of the polymer are of prior importance, and a trade-off must be found between stretchability and dielectric properties of the polymer.
Several studies have analyzed and enhanced the energy conversion performance of electrostrictive polymers, both in terms of actuation and energy harvesting ( [12, 19, 20] ). An ideal approach in order to obtain polymers with specific improved dielectric properties is represented by a challenging synthesis of new molecular architectures. There exist various approaches for obtaining polymer-like blends of known polymers, or copolymerization, and so on. Lehmann et al. ([21] ) developed a process for synthetically modifying the dielectric properties of liquid-crystalline elastomers; in this type of material, the polarization phenomena can be enhanced by the rearrangement of the lateral group chains and the creation of crystalline regions.
For instance, it has been demonstrated that the easiest way to enhance the dielectric properties of a polymer is the use of inorganic nano-fillers dispersed in a polymer matrix. It significantly increases the harvested energy by increasing the dielectric permittivity ( [10, 12] ). Two kinds of inorganic fillers are commonly used. In one hand highly dielectric particles allows an increase of the dielectric permittivity without significant modification of the dielectric losses ( [22, 23] ). Figure 3 presents the volume fraction influence of the ceramic nano-fillers on the relative dielectric permittivity of Barium Titanate/polyamide 11 composite ( [22] ). The polyamide matrix have a low dielectric permittivity with ǫ = 2.5ǫ 0 at a frequency of f = 1 kHz. Introducing Barium Titanate leads to a four times increase of the dielectric permittivity of the composite. However, because of the significant difference of the dielectric permittivity between the inorganic and organic phase, high content of particles is usually required. Incorporating high volume fraction of ceramic fillers in the polymer matrix highly influences the mechanical properties of the polymer. In Figure 4 is depicted the stress versus strain measurements of the ceramic/polymer composites for various volume fraction of fillers ( [24] ). It can be easily deduced that dispersing high content of fillers not only increases the elastic modulus of the polymer but also highly reduces the breakdown strain. The elastic modulus of the polymer matrix is E = 400 MPa and increases to E = 1.5 GPa for 24% vol. of inorganic particles. Meanwhile, the strain at break is reduced from 175% for PA11 to 2.5% at 24% vol. of inorganic particles. These composites are therefore not suitable for stretchable energy harvesting systems.
On the other hand, conductive fillers can be used to increase the macroscopic dielectric permittivity. In that case, free charges not only contribute to conduction, but also possibly give rise to Maxwell-Wagner-Sillars (MWS) polarization. MWS polarization is characterized by a huge increase of the low frequency (below 10 Hz) dielectric permittivity at temperature above the glass transition of the polymer, because of charge trapping at heterogeneities ( [25] ). Conductive particles/polymer composites are prone to show losses with a percolative behavior above a critical weight fraction of conductive particles that depends on the aspect ratio of the fillers. At the percolation threshold, hopping conductive paths are formed between close particles within the matrix ( [26, 27] ). Unfortunately, the maximum increase in composite permittivity is achieved close to the percolation threshold. According to these results, reducing the stiffening introduced by inorganic fillers and simultaneously exploiting the dielectric enhancement when conductive fillers are introduced to a polymer matrix is very interesting. Many studies have demonstrated that, by carefully controlling the aspect ratio of the particles, the percolation threshold can be lowered down to 5 wt% ( [28] ) which is an evident advantage in terms of mechanical properties. The filling of the polymer must be done without reaching the percolation threshold and without decreasing the breakdown voltage too much. These two parameters not only depend on the fillers morphology and size ( [29] ) and on the polymer matrix but also on the dispersion of the fillers in the matrix. Some results obtained by filling highly electrostrictive matrices with conductive nano-fillers are summarized in Table 1 . Depending upon the types of fillers (including organic and inorganic conductive fillers), a huge increase of the dielectric permittivity is reported at low filler content. Blending of different polymers with a conductive polymer can result in novel materials with potentially attractive properties.
The different methods available for enhancing the dielectric permittivity of polymers are listed in Table 2 which also gives the advantages and drawbacks of each technique. Random composites represent readily applicable approaches suitable for increasing the dielectric permittivity of polymers. In the long run, the challenge consists in synthesizing a new highly polarizable polymer.
Finally, another approach for greatly reducing the applied voltage consists in using a stack of multilayers of a few microns in thickness. Such a multilayer device has been developed by Choi et al. in [30] . This system was driven at a voltage level of V = 40 V, corresponding to 
Material comparison
When comparing the harvesting performance of several energy harvesting devices featuring electrostrictive polymers (Table 3) , significant difference can be observed between performance in terms of energy harvesting abilities of electrostrictive polymer-based system, even though the used materials may be very similar. However, as electrostriction requires a mean of activation through the application of an electric field and because the electrical activity is dependent on the mechanical solicitation, external parameters such as maximum electric field and strain applied to the system significantly affect the output power of the device. Hence, in order to have a fair comparison in terms of material aspects, it is mandatory to develop a figure of merit taking into account the intrinsic parameters of the material only, independently from external environmental parameters.
In order to assess the energy harvesting abilities of a given electrostrictive element independently from external applied parameters, it is considered that the material is connected to a constant voltage generator trough a load that is used to mimic the connected electrical system 1 ( Figure 5 ). Considering such a scheme and from the linear constitutive equations of electrostriction (Eq. (13) 
where Λ, l, f , S 1 and E DC respectively refer to the sample surface area, sample thickness, frequency, longitudinal strain and bias electric field, and assuming small-signal behavior (low current and electric field AC components). Hence, it is possible to derive the harvested power P on the load, yielding:
with S M the strain magnitude. Hence, the maximum power at the optimal load is given by ( [12] ): Figure 6 presents the comparison of experimental maximum harvested power for well-known electrostrictive materials as well as the comparison with the predicted harvesting abilities (obtained from experimentally measured electrostrictive coefficient, permittivity and Young's modulus 2 ), showing a very good agreement between measured and theoretically estimated data.
From the previous expression, it can be seen that the right part of the right side member refers to external parameters (dimensions, frequency, bias electric field and strain magnitude), while the left part allows defining a material figure of merit F from its intrinsic parameters as:
which depends on the inverse permittivity, squared electrostrictive coefficient and squared Young's modulus, and whose dimensions are J.m It is also possible to represent such a figure of merit in a graphical way, by plotting the squared product of the electrostrictive coefficient by the Young's modulus as a function of the inverse permittivity, leading to the chart depicted in Figure 7 . From this Figure, it can be seen that the terpolymer outperforms the other considered samples, although the high Young's modulus of such a material limits the maximum strain that can be applied to the device. As well, the enhancement offered by the previously exposed permittivity increase approach using nano-filler incorporation can be demonstrated through the proposed criterion, both for polyurethane and terpolymer.
In order to assess the correctness of the proposed figure of merit, Table 4 shows the comparison of several other criteria with the proposed one (normalized with results for pure polyurethane), demonstrating the ability of the exposed figure of merit for accurately predicting the harvesting abilities of a given electrostrictive material compared to a reference one, while other factors do not relate quite well the actual performance, as they are not based on the direct evaluation of energy harvesting capabilities. It can also be noted that, as considered polymers belongs to different classes, the empirical law exposed by Eury et al. in ( [5] ) stating that the product of the electrostrictive coefficient by the Young's modulus M 31 Y is proportional to the squared product of the difference between material permittivity and vacuum permittivity (ǫ 0 ) divided by the material permittivity ǫ T 33 − ǫ 0 2 /ǫ T 33 leads here to inaccurate results. 
Material
Type of figure of merit Experimental harvested power Hence, applying this figure of merit to Table 3 by dividing the energy density by the squared electric field and squared strain level leads to the new table presented in Table 5 , which reflects in a much better way the intrinsic material abilities for harvesting energy. Finally, as the previous development assumed linear behavior, it can also be noted that other parameters such as maximum admissible electric field, maximum strain level or saturation electric field may additionally be taken into account to precisely evaluate the performance in terms of energy scavenging from material aspect.
Energy harvesting techniques
The goal of this Section is to expose energy harvesting interfaces for efficiently extracting the converted energy to the storage stage. Basically, two global approaches can be adopted for such a purpose: either the electroactive material can be submitted to charge and discharge 125 × 10 −12 34 × 10 −9 Table 5 . Energy harvesting performance of electrostrictive polymer-based systems cycles (in a similar fashion that electrostatic devices - [33] ), or a bias electric field can be applied, which allows an equivalent piezoelectric behavior in dynamic mode. In the following development, it will be considered that the system is submitted to a constant strain level, and backward coupling that limits the strain value under a given stress magnitude will be neglected, as the coupling in electrostrictive polymers is usually low for moderate electric fields. In addition, it will be considered that the strain levels are quite low (< 10%), so that the thickness and surface changes are limited, and thus the modifications in the electric field and electric displacement due to changes in sample dimensions may be neglected.
Charge/discharge cycles
Because of the capacitive behavior of electrostrictive dielectric polymers, classical electrostatic cycles as exposed in [33] can be applied or adapted, which consist in electric field application and release cycles. The basic operations of such an energy harvesting approach can either consider constant electric field (Ericsson cycle) or constant charge (Stirling cycle), as depicted in Figure 8 . In both cases however, the electrical charge has to be applied when the capacitance is highest and released when it is the lowest. Considering the electrical constitutive equation in Eq. (13) when the material is submitted to longitudinal strain, with T and D used as independent variables: 196 Small-Scale Energy Harvesting
the charge-voltage relationship is therefore given as:
with Q and V denoting the electrical charge and voltage, respectively and Λ and l the sample surface area and sample thickness.
Hence, the charge should be done when the strain is maximum (maximum capacitance) and the discharge should occur when the polymer is released (minimum capacitance). When doing so, it can be demonstrated that the harvested energy density per cycle is given by ( [34, 35] ):
where W V and W Q refer to the harvested energy densities using Ericsson and Stirling cycles, respectively, and E 0 denotes the applied electric field.
However, such cycles may also be adapted specifically to electrostrictive material considering a non-zero initial electric field. In this case, E 0 2 is replaced by E 0 2 − E init 2 in Eq. (25), with E init denoting the initial electric field when the longitudinal strain is zero. Obviously, this would lead to reduced energy harvesting abilities. However, the application of an initial electric field permits a cycle combining Ericsson and Stirling approaches using constant voltage stretching and constant charge release (Figure 9 ), yielding a harvested energy density W QV 3 ( [34, 35] ):
However, the main drawback of these approaches is the need of continuously controlling a voltage source or the polymer voltage, which may compromise the operation of the system as the energy requirements for driving the voltage source may be greater than the harvested energy, yielding a negative energy balance and hence unrealistic operations. In order to counteract this drawback, it has been proposed in ( [34] [35] [36] ) a purely passive cycle consisting of two voltage sources a two diodes as depicted in Figure 10 . With such an approach, the voltage on the electrostrictive polymer is decreasing as it is stretched (as the system is operating at constant charge), until it reaches the low voltage value V L . As the strain is further increased the polymer is charged by V L until it is totally stretched. Then, as the longitudinal strain is decreased, the material voltage increases as well until it reaches the high voltage
, where a charge flow appears from the electroactive device to V H , yielding an energy extraction process. Considering that E L and E H are the electric fields respectively associated to V L and V H , the harvested energy density is given by:
However, in order to effectively reach E H and therefore allowing the energy harvesting process, the following inequality between maximum strain and constant voltage source values has to be fulfilled:
Pseudo-piezoelectric mode
In the charge/discharge energy harvesting cycles, the use of voltage sources that need to be tuned may compromise the realistic implementation of the harvester 4 . In order to avoid such an issue, it is also possible to keep the bias electric field applied on the sample and consider dynamic operations. When doing so, the constitutive equations of electrostriction in such a dynamic mode with D and T as independent variables turn to:
where the electric field is decomposed into its bias and time-dependent components (E = E DC + E AC ). Assuming that the DC component is much higher than the AC one, these expressions may be approximated by:
which is very close to constitutive equations of piezoelectricity with an equivalent piezoelectric coefficient e = 2M 31 YE DC . Hence, because of this similarity, it is possible to apply any existing technique available for piezoelectric energy harvesting to electrostrictive materials undergoing a bias electric field and considering dynamic operations.
AC mode
The simplest way for harvesting energy is to directly connect a purely resistive load R to the material ( Figure 11 ). Assuming sine excitation, the harvested power on the load yields 5 ( [12, 35] ):
with S M the strain magnitude. Cancelling the derivative of this expression with respect to the load gives the optimal load R AC | opt :
that leads to the maximum power ( [12, 35] ):
and thus the maximum harvested energy density per cycle is given by: The corresponding energy cycles are given in Figure 12 , where the mean value of the electric field is approximately E DC . Hence, unlike the previous cycles that consisted in changing the electrical boundaries at constant mechanical excitation and conversely, the use of the pseudo-piezoelectric mode leads to a continuous change in the electrical and mechanical quantities and therefore no curve breaking appears in the mechanical and electrical cycles.
DC mode
However, for the realistic application of energy harvesting devices, a DC output is often desirable. Although some AC/DC converters that are seen as resistive loads by the material have been proposed in the literature ( [31] ), most of the used architectures rely on a simple rectifier bridge with a smoothing capacitor, as depicted in Figure 13 (a). The load may also be replaced by DC/DC converters operating in discontinuous mode for impedance matching ( [37] [38] [39] ). The principles consist in filtering the DC component introduced by the bias voltage source used for polarization purpose (through capacitance C d ) and then rectifying the voltage and filtering it. Instead of using a full diode voltage rectifier, the use of a voltage doubler in Figure 13 (a) allows limiting the losses introduced by the voltage gaps of discrete components. In addition, in order to avoid a dynamic short circuit, a high value series resistance R S is added between the polymer and the bias voltage source. Such operations therefore lead to the energy cycles shown in Figure 13 (b).
When using such an approach, it can be shown that the harvested power may be approximated by ( [35, 40] ):
and the maximal energy density per cycle value is given by:
obtained for the optimal load R DC | opt : Figure 12 . Energy harvesting cycle using AC pseudo-piezoelectric mode.
200 Small-Scale Energy Harvesting Because of the similarities between electrostrictive polymers operating in dynamic mode and piezoelectric element, it is also possible to apply nonlinear processing to artificially enhance the conversion abilities of the material ( [41] [42] [43] [44] [45] [46] [47] ). The principles of this treatment consist in (imperfectly) inverting the active element voltage (with reference to the bias voltage) each time a maximum or a minimum strain value is reached (Figure 14) , by briefly connecting the material to an inductance (hence shaping a resonant electrical network). When using such an approach, it can be shown that the harvested power is given by ( [35, 48] ):
with γ the inversion coefficient giving the absolute ratio of the voltage after the inversion process over the voltage before the inversion (referenced to V bias ) and denoting the losses during the switch (0 ≤ γ ≤ 1). Obviously, the combination of the DC approach with the nonlinear treatment is possible (Figure 15 ), leading to the harvested power expression ( [35, 40] ):
yielding the maximal harvested energy density per cycle:
which is 2/(1 − γ) times higher and obtained for an optimal load R DC_sw | opt :
In the previous analysis, it was considered that the switching circuit is placed in parallel with the harvesting circuit, leading to an inversion process occurring after the harvesting process. However, this element can also be connected in series between the active material and the AC/DC conversion stage, yielding a harvesting process that happens at the same time than the switching event, and thus to a pulsed energy extraction system ( [43] ). Although the maximum energy harvested with the series configuration is slightly less than in the parallel case (the gain compared to the standard case being γ) ), the optimal load is much less which could be advantageous for limiting the losses and ensuring a better load adaptation. Figure 16 presents the theoretical performance comparison between the previously exposed harvesting techniques. Obviously, the electrostatic-derived cycles perform best, followed by the pseudo-piezo DC interface using the nonlinear treatment. Although very simple, the passive cycle using diodes features the lowest energy harvesting abilities.
Comparison, discussion & implementation issues
Nevertheless, this comparison is obtained by neglecting the losses within the system. In particular, the cyclic voltage application and release in electrostatic cycles would lead to significant losses that may compromise the realistic implementation of the techniques. Hence, assuming that the energy transfer from the source to the electrostrictive polymer is done with an efficiency η prov and that the energy extraction has an efficiency of η extr , it can be shown that the harvested energy density is then given by, in the case of the Ericsson cycle 6 : which becomes negative as soon as: Figure 17 depicts the minimum value of the product of these efficiencies as a function of the strain level in order to have a positive energy balance in the case of a polyurethane PS 2000 polymer ( [49] ). For low strain magnitude values, this product should be close to 1, meaning that the energy transfer from the source and to the storage stage should be perfect. In addition, for high strain levels, the minimum efficiency product has to be greater than 0.5 (which can also be shown by Eq. (43) as S M → ∞), placing a significant constraint on the system design. Especially, directly applying a step voltage on the polymer yields an efficiency of 50%, and thus no energy can be harvested using such an approach, and consequently a careful attention has to be placed on the way to apply the electric field when charging the polymer.
On the other hand, when using pseudo-piezoelectric approaches and assuming no significant voltage gap of the discrete components, the origin of losses lies in the static application of the electric field, yielding a current flow because of the intrinsic losses in the polymer. The energy lost per cycle in this case is therefore a function of the equivalent parallel resistance R p of the sample and is given by:
which has to be less than the harvested energy (see Section 4.2) to have a positive energy balance. In particular, this energy loss tends to zero as the frequency increases, meaning that pseudo-piezoelectric mode is very well adapted to relatively high frequency operations. As an example, it has been estimated in ( [18] ) that, in the case of a polyurethane material with a bias electric field of 5 V.μm −1 for polarization purposes operating at a frequency of 20 Hz, the losses represent less than 0.5% of the harvested energy. Therefore, although electrostatic-based harvesting schemes seem to be the most appealing ones, the losses when using such charge/discharge approaches may compromise the realistic operations of the system, yielding a negative energy balance. On the other hand, pseudo-piezoelectric operations feature reduced losses, especially at relatively high frequency, making them more suitable under some circumstances.
Finally, another concerns about the use of electrostrictive polymers for energy harvesting is the necessity of applying relatively high voltage to activate the electromechanical behavior of the material. Although very few research has been conducted on the subject, the use of efficient integrated DC/DC converters ( [50] ) or hybridation with piezoelectric materials ( [35] ) has been proposed.
Conclusion
This chapter exposed the use of electrostrictive polymers for mechanical energy harvesting. Thanks to their lightweight, flexibility and easy fabrication process, such materials are of premium choice for harvesting energy from high strain, low frequency systems.
First, the constitutive equations of electrostriction have been presented from a phenomenological approach using either Gibbs approach or Debye/Langevin formalism, giving a physical meaning to electrostriction.
Then, material aspect has been discussed. It has been shown that the simplest way for enhancing the electrostrictive activity lies in the incorporation of nano-fillers which allows increasing interfacial effects and thus electromechanical conversion abilities, although decreasing mechanical and electrical strengths. Another approach would consists in the synthesis of new polymer architectures, which is however more complex. A figure of merit allowing the comparison of electrostrictive materials in terms of energy harvesting abilities independent from external parameters has also been developed, emphasizing the parameters to optimize for the elaboration of efficient materials for energy harvesting purposes.
Finally, techniques for efficiently extracting and harvesting the converted energy have been exposed. In particular, two kinds of techniques have been considered, whether the system is subjected to charge and discharge cycles, or operating in pseudo-piezoelectric mode in a dynamical fashion. It has therefore been shown that, although electrostatic-based cycles feature the highest conversion abilities, losses within the system may compromise the realistic operation of the device because of a negative energy balance, while pseudo-piezoelectric operations present limited losses that make them particularly suitable for relatively high frequency operations (> 1 Hz).
In summary, electrostrictive polymers are particularly interesting materials for harvesting energy for large stroke systems (such as human motions), but their real application still requires significant advances, both in terms of materials or electrical interfaces, especially for the application of the bias electric field (using multilayer structures or efficient electronic interfaces for example).
